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ABSTRACT 

The results of steady state and flutter experi- 
ments in a nine-blade oscillating linear csscrde are 
presented. Two-dimensional biconvex airfoils were 
oscillated at reduced frequencies up to 0.5 based cn 
semi-chord and a free stream Mach nxnrber of 0.80 to 
simulate transonic stall flutter in rotors. Steady- 
state periodicity was confirmed through end-wall pres- 
sure measurements, exit flow traverses, and flow vis- 
ualization. The Initial flow visualisation results 
from flutter tests indicated that the oscillating 
shock on the airfoils lagged the airfoil motion by as 
much as 80 deg. These Initial data exhibited an 
appreciable amount of scatter; however, a linear fit 
of the results Indicated that the greatest shock phase 
lag occurred at a positive interblade phase angle. 
Photographs of the steady-state and unsteady flow 
fields reveal some of the features of the lambda shock 
wave on the suction surface of the airfoils. 

NOMENCLATURE 

C chord 

Cp pressure coefficient 

CEV' deviation, eq. (4) 

f airfoil oscillatory frequency 

1 incidence angle 

M Mach Lumber 

jg aerodiTiaiilc moment 

P static pressure 

P{. total pressure 

R gas constant 

airfoil spacing 

amplitude of airfoil displacement signal 
t time 

total temperature 

X coordinate in chordwise direction 

a angle of attack 

mean angle ci attack 
a airfoil oscillatory amplitude 

d flow angle 


Y Stagger angle 

deviation angle 

875 teat section setting angle 

K airfoil setting angle 

shock phase lag 
i|ip probe setting angle 

reduced frequency based on airfoil semi-chord 
u angular frequency 

w total pressure loss ~ ^t,2^/^^t,l ~ ^1^ 

■Subscripts 

1 upstream condition 

2 downstream condition 

m mrtvimtim 

s associated with shock wave 

u upper surface 

1 lower surface 

Superscripts 
_ average value 

* critical value 

INTRODUCTION 

Hotter has been observed in turbomachinery since 
the advent of the first axial flow jet engines, this 
highly undesirable self -excite,', oscillation of the 
blades in fans and compressors is sustained through the 
extraction of energy from a moving airstream. flutter 
can occur in several different operating regimes of the 
fan or compressor and can m/inifest itself In several 
different oscillatory modes, A good dicussion of these 
various types of flutter is given by Carta (1) . Of all 
of these possible types of flutter, one of the least 
understood from a theoretical standpoint is transonic 
stall flutter. The purpose of the present investiga- 
tion was to provide Information that might serve in the 
development of new tht»rlcs tor the prediction of this 
type of flutter. 

The results described in this jwiper are from ex- 
ploratory experiments in a novel oscillating linear 
cascade which was developed with the primary goal of 
studying the aerodynamics o£ transonic stall flutter. 


Saphaa^a plarad on tha ganaraClon of raallatlc 
raducad fraviMclaa by tha slaultanaoua aiaulatlon of 
tha oacUlacory aoda aad fraquancy, gaoaMtric acala 
(blada chord), and fraa acraaa Hach nuabar. Drivan 
caacadaa, althoufh not as coaaaon aa claaalcal ataady 
ataca caacadaa, hava baan uaad in atudlaa of othar 
typaa of turboaac binary flnttar, a.g., (2) to (4). In 
all caaaa, tha alrfoUa wara oaclllatad 'Sy a controllad 
axtarnal aourca daal^nad to produca althar a two- 
dlaanaional pitching or plunging aotlon to alnulata a 
toraional or banding noda of fluttar. By parfonlng 
axparlnanta In thia way, tha aarodynaaic aapacta can 
ba aaparatad froa tha atructural aapacta of fluttar, 
and tha raaulta ahould ba of valua in tha fo-aulatlon 
of aodala for pradlctlng tha aarodynaaic daaplng or 
atability of fan and coapraaacr blading. 

BACKCBOUND 

Tranaonlc atall flutter occura naar tha atall 
Halt llna of fana and coapraaaora at apaada of par<- 
hapa 75 parcant of tha daaign apaal. Tha principal 
aoda of oacillatlott in thia raglna ia a pitching or 
toraional aoda. At a aubaonic ralativa Mach nuabar 
graatar than about 0.7, tha flow In tha tip ragion of 
a rotor blada can locally axcaad a Mach nuabar of 
unity and a ragion of auparaonic flow appaara on tha 
blada. Tha auparaonic ragion la taralnatad by a 
noraal ahock wave and tha flow again bacoaMa aubaonic. 
Thia typa of flow field axhlbita auny of the featurea 
obaarvad on an oacillatlng iaolatad airfoil aa re- 
ported In (^), W, and (T)', however. In ualng the 
reaulta to nodel the flow around a blade row, the 
“caacading" effect or Influence of the adjacent bladea 
nuat be taken Into account. Aa tha bladea flutter, 
theae reglona of auperaonlc flow nove over the blade 
ao that the phaae between the ahock and blade notion 
la non-unity. Under certain condltiona thia ahock 
wave notion can Introduce an additional contribution 
to the fluctuating forcea on the airfoil and thus in- 
fluence the atability of the aysten (8). Therefore, 
an understanding of the shock wave dynanlcs becoaes 
essential to the modeling of analyses for the predic- 
tion of transonic flutter. 

The present paper focuses on this aspect of 
flutter through the use of flow visualisation nethods. 
Results are presented for steady statw and unsteady 
experla^nts which were perforaed with nine biconvex 
airfoils operating at a free streaa Mach nuaber of 
0.80. During the flutter experiaents, the airfoils 
were oscillated to provide a pitching notion of 1.2 
deg about the aldchord axis at noainal frequencies 
of 160 to 550 Rx. The reduced frequency based on the 
airfoil saaichord was noalnally 0.5 at the 550 Hs con- 
dition. Results froa the initial flow visualization 
experiaents are presented for interblade phaue angles 
of 0 and ±90 deg. The above conditions are believed 
to ba valid for the experlaental eodeling of the un- 
steady fluid dynaaics associated with torsional stall 
flutter in fans and coapressora. 

DESCRIPTION OF CASCADE 

Experlswntal Facility 

An overall view of the tranaonlc oacillatlng cas- 
cade is shown in Fig. 1. Rooa air entered the inlet 
contraction section and expanded through a 9.78-ca td.de 
by 29.21-ca high teat section into a diffuser and ex- 
haust header having a noainal presaurc of 3.0 N/ca. 

Flow rates were controlled by aeans of two valves 
located downatresa of the dlffuear. A partitioned 
(5 section) end-wall boundary layer bleed systaai 


located 2 chord lengths upatreea of the airfoils was 
used to ranove the ooondary layer oc each end wal? and 
provide steady state blade-to-blede .periodicity. The 
bleed passages consisted of perforetid pistes having an 
open eras ratio of 22.5 percent end a hole disaeter of 
0.15 CB. The boundary layers on tha upper and lower 
walls of tha cascade wtirs raaoved through slots between 
the tailboards and tha walla. These btHindary layer 
control systsas arc shewn in Fig. 2. 

During the flutter axperlaants the nina airfoils 
ware oscillated in a pitching (torsional; notion about 
tha nldchord exes by a nechanical drive systan powered 
by a 100 h.p. aotor. The oacillatory or flutter fre- 
quency could be verlad in a continuous wanner by an 
^dy-currant coupling betwean the notor and gearbox. 

The direction of rotation of the notor drive systan was 
reversible so that the sign of tha Intarblade phasing 
could readily be changed froa positive to negative. 

Airfoils 

Nine two-dlnensional, uncanbered, biconvex air- 
foils with a chord of 7.62 cn and a span of 9.6 cn were 
installed as shown in Fig. 2. The airfoil redius of 
curvature was 27.4 cn, yielding a laaxiniia thickness of 
0.58 cn or a thickness-to-chord ratio of 0.076. This 
airfoil thickness provided the stiffnesa required to 
nalntaln a two-dlnansional flutter node at the highest 
oacillatory frequency of 550 Hs. The airfoils were 
supported by two trunnions with the centerline located 
at Che aldcnord as shown in Fig. 3. The larger trun- 
nion which VMS used to oscillate Che airfoil had a 
dleneter of 1.91 cn whereas Che freely supported shaft 
had a diaeeCer ot 0.95 cn. Each airfoil and its trun- 
nions were nachined froa a single piece of ticaniun 
containing 6 percent aluninun and 4 percent vanadiun. 

Teat Sect ion 

The airfoils were nounted between end wells con- 
taining three 0.64-co-thick nirrors on one side and 
three optical quality glass windows on Che othwr aide 
(refer to Fig. 2). These nirrors and windows coapriaed 
part of a Schlleren flow visualization aysten used to 
observe Che flow field. Nonporous bronze alloy bush- 
ings containing two "0" rings and helical lubrication 
grooves were used to support the large trunnion. A 
slnllar bronze elloy buihlng was lightly presjed into 
the glass window to provide support for the snail 
trunnion. 

The linitation in the region of flow visualization 
over Che airfoil surface was governed by the large 
trunnion and the size of the corresponding itolc in Che 
nirror required to accoonodate the sisall fillet at the 
airfoil-trunnion junction (Fig. 3). The disaeter of 
this hole, wnich appears aa a shadow in the Schlleren 
iaeges, was 2.3 cn. 

Airfoil Drive Systen 

Electronagnetie and nechanical drive systeas have 
been used for the torsional oscillation of airfoils in 
cascades as reported e.g., in i2) and W, respectively. 
Elect roBMgnetic drivers are capable of generating con- 
trolled high frequency oscillations (hundreds of Hz); 
however, the anplitude of the notion decreeses with in- 
creasing frequency and/or increasing blade loading. 
Mechanical drive systeas are nomally used for low fre- 
quency operation (perhaps up to 100 Hs) . 

In the present investigation, it was desirable to 
nalntaln control of the oacillatory anplitude as well 
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as tha fraquancy: tharafoxa, a hish-apaad aachanlcal 
drlva ayataai vaa davalopad for thia purpoaa. Thia 
syataa, which rapraaanta a Bodlflcatlon of tha drlva 
aacbanlM dasl«n daacribad in {,7), coaalata of a aarlaa 
of nlna faaala barral caaa atta^had to a coMaon 50-ca 
diaaatar ahaft aa ahovn in Fig. d. Each caa contalnad 
a h^yclat 1.27-c»-wlda hy 0.762-c*‘-daap ainuaoldal 
groova aachlnad In tha aurfaca. A cloaa-couplad 7.62- 
ca long connacting ara and button foUowar tranaalttad 
6 cyclaa of harwnlc pitching notion for aach ravolu- 
tlon of tha can. Tha uaplltuda of tha airfoil notion 
waa 1.2 dag aa dlctatad by tha can and followar 
gaonatry. Powar fron tha notor drlva ayatM waa trana- 
farrad to tha can ahatt hy a 20.3-cia-wlde andlaaa bait 
conalatlng of layara of plant Ic -coat wd taxtUa fabric, 
a polyaatar tanalon nanbar, and a Inathar friction 
aurfaca. Tha cana and followara warn liar and In a 
nultlvlacoalty 80U-1A0 high parfomanca gaar lubrlcanc 
to nlnlaiza waar. With thia ayatan, each flutter taat 
wan arbitrarily llnltad to about 30 naconda with 15 to 
20 aaconda at tha daalrad oacUlutory fraquancy. With 
thia oparatlonal noda, th* cana and button followaira 
Incnrrad negligible %*ear, 

IIISTKUKEhTAXlON 

The Inatrumentatlcn Included 200 channelr of praa- 
aurea and tosperaturea fron which the ateady state caa- 
cadc parfomance waa eatabllalad and an additional 40 
channels of high pressure response data for the flutter 
tests. The steady state data were recorded through a 
systen of nlcro-processors coupled to a dedicated nlnl- 
conputer. Tha najorlty of pressures Including end wall 
and airfoil static pressures and boundary layer bleed 
passage pressures %>ere connected to a scantvalve aycten 
containing three 48-channel units scanning In parallel 
at a rate of 7 saaples per second. The remainder of 
tha pressures, used as reference values for tlia scanl- 
valve system and for various traversing probes, were 
recorded through a system of signal conditioners and 
pressure transducers. Research and graphic CRT d la- 
plays were used to expedite tuning of the cascade and 
provide on-line performance data. Off-line calcula- 
tions of the detailed performance of the cascade were 
performed with an IBM 370 computer. 

The temperatures In the cascade were essentially 
equal to the room temperature of 530 R. These temper- 
atures were measured with chromel-aluael thermocouples 
having an ice reference-temperature Junction. 

Tlie high frequency response meas\irements Included 
the displacement and frequency of the vibrating air- 
foils and strain gauge signals on the cam follower 
arms. Airfoil displacement and oscillatory fraquancy 
were measured with an electro-optical displacement 
meter located outside the test section. This meter 
tracked a discontinuity of light reflected fron the 
edge of the center airfoil and converted tha optical 
Image to an electron Image. A servo loop controlled 
the position of the electron image In an aperture. 

The deflection current required to keep the Image 
centered In the aperture was a measure of the airfoil 
angular displacement. 

A network of two dual strain gauges were attached 
to opposite sides of the ara connecting the airfoil 
trunnion to the cm. Signals fron a conventional full 
bridge circuit were recorded in order to determine the 
dynamic phase differeuces between the oscillating air- 
foils and verify the Interblada phase angle which was 
preset by manually rotating each of the cams on the 
cam shaft. 


All high response measurements were recorded on a 
frequency adulated (TM) magnetic tape recorder with a 
frequency response of 10 kHz, The output fron tha 
tap^ sisals were analysed on a Fast Fourier Transform 
(FFT) analyser. 

Flow visualisation was s xcoapllshad by means of a 
double-pass Schliaron systw shown in Fig. 3. "..u 

Schlieren Images were photographed with a 16-mm high 
speed notion picture camera operating at about 5000 
frames per second (or about 10 frames per cycle of air- 
foil motion). Steady state Schlieren photographs were 
obtalnsd with a 70 m camera and pulsed light source. 
The steady state images of the airfoil shock waves were 
used as a guide In verifying periodicity in the cas- 
cade. The notion pictures were used to determine the 
shock diapltcMant along the airfoil and the phase lag 
relative to the no.' ion of the airfoil. 

As a part of the flow vlaualization study, a 
rapid-double-pulse laser holographic Interferometer was 
used to detenilna the spanwiae configuration of the 
shock wave during flutter. These tests were performed 
In a pilot facility (3-blade cascade) at tha same ncm- 
inal condlticas as the present investigation. Typical 
results are described In the basis of holograms ob- 
tained by randomly pulsing the laser during the flutter 
experiments. 

The periodicity In Che cascade %ies determined by 
Che uniformity of rows of upstream and downstream 
static pressures along the length of the cascade. The 
pressure Caps were spaced 2.92 cm apart (one-half of 
the blade spacing) and we.e 1 and 2 chord lengths up- 
stream and domstream of the airfoils, respectively. 

Traversing probes were ..ocated at three tangential 
positions upstream of the airfoils lot Inlet flow angle 
and end wall boundary layer measurements. These meas- 
urements were obtained In the plane of the static pres- 
sure taps. A traversing probe, located downstream of 
the casr.ads, measured the local flow angle, and static 
and total pressures In the tangential direction. 

GEOMETRIC PARAMETERS 

The coordinate eystam and geometric parameters for 
the cascade are shown In Pig. 6. All of Che tests were 
performed at a test section angle, 6 ts. of 30 deg 
and an angle of attack, Og, of 7.0 deg. The result- 
ing blade stagger angle, y, was 53 deg. The solid- 
ity or chord-to-spaclng ratio, C/S, was 1.3. Slpce 
the biconvex airfoils were uncambered, i • a and 
Y • *1 - ■C2* 

INLET FLOW CONDITIONS 

All of the flutter tests were performed at the 
same inlet flow velocity, V^, of 258 m/s (M • 0.8C). 
Although the cascade pericdiclty was optimized at this 
velocity, the periodicity did not change significantly 
over a range of about 180 < < 2b0 m/s. The inlet 

Mach number and velocity were calculated from Che end 
wall pressures and the stagnation pressure and tampera- 
ture assuming isentroplc flow conditions. The result- 
ing expressions for y ■ 1.4 are 
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Vi - (l.4 »T,Mi j (2) 

Th« ttatlc prsMurt cti« vvaragt valua of a 

spaclflad mmbar of and aall praiwraa and wao glaai 

by 


also obtatnad froa thla proba through a alallar cali- 
bration procadura which la daacrlbad In (9)> Tha tur- 
vaya wara mad's ovar aavaral alrfoila to o*Ba«wa tha 
flow pariodlcity and ovar a alngla paaaaga to pamlt 
■ora datall In tha waka. Valuaa of tha davlatlon 
angla, d**, and total praaaura loaa, w, wara obtalnad 
fron tha ■aaa-avargad valuaa of $2 and ?t^2* 



> 1.1 

Nl - Ml <f 1 


( 3 ) 


Tha llalta H and M vara aalactad to Includa tha 11 
praaauraa dlractly upatraan of tha 5 cantral alrfoila 
In tha eaacada. Tha valuaa of P( and T( wara baaad on 
tha rooa air condltlona In tha taat call. 


Tha total praaaura dlatrlbutlona acroaa tha thraa 
cantor alrfoila ara ahown In Pig. 10. Corraapondlng 
dlatrlbutlona of tha total praaaura acroaa tha waka 
froa tha cantor airfoil ara praaantad In Fig. 11. 

Baaad on thaaa two dlatrlbutlona, tha total praaaura 
loaa paraaotar, 'w, waa 0.0266, and tha delation angla, 
d**, waa 1.7 dag. Thaaa valuaa of d° and w ara gan- 
arally conalatant with tha valuaa raportad In CIO) for 
alallw uncaabarad alrfoila. 


gZSULTS 

Tha following dlacuaalon will conaldar tha ra- 
aulta of tha ataady otato and fluttar taata aaparataly. 
An appraclabla of fort waa dadlcatod to tha ataady atato 
axparlaants which wara raqulrad In ordar to aatabl^*‘^ 
pariodlcity In tha caacada. Thla oo-«allad "tun c" 
of tha caacada wo followad by tha fluttar axpar: ta 

In which cartaln faaturoa of tha ahrck dynaalca wara 
obaarvad. 

Staajy Stata Farforaanca 


Tha chordwlaa dlatrlbutlona of praaaura coaffl- 
clont, Cp, on tha cantor airfoil ara ahown In Fig. 12 
for Mach nuabera of 0.55, 0.67, 0.80 (daalgn condl- 
tiona), and 0.86. Thaaa dlatrlbutlona ravaal tha 
evolution of tranaonlc flow (raglon abova and tha 
pronouncad rlaa In praaaura raaultlng froa tha forma- 
tion of a laabda-typa ahock wmva aa tha Mach numbar la 
Incraaaad. Tha rmaulta for tha daalgn Mach ntabar of 
0.80 Indlcata that a region of auparaonlc flow axtanda 
ever a dlatance of about 12 percent of the chord 
(Fig. 12c). 


Dlatrlbutlona of the upatreaa and downatream 
atatlc praaauraa are ahown In Fig. 7 for tha dealgn 
condltlona. Tha quality of thaaa dlatrlbutlona was 
decatulnad froa the RMS deviation of pressure given by 



The lowest values ol devlstlon (bast uniformity) were 
nominally 0.7 kPs for both the upstream and downstream 
distributions baaed on the value: of M and N given In 
Fig. 7. The maxlaum deviation froa the average pres- 
sure was nor.lnally 2 percent at each station. This 
corresponds to a velocity deviation of about 2.5 per- 
cent over the 5 central airfoils. 

Tha upstream end wall boundary layers were meas- 
ured at the three taugentlal stations (Fig. 6) with a 
dual-tube pitot probe referenced to the end-wall static 
pressure. With this probe, shown schesiatlcally In 
Fig. 8, both end-wmll boundary layers could bo measured 
In a single sweep. The total pressure distributions 
indicate a boundary layer thickness of about 1.0 cm 
corresponding to a total displacement thickness of two 
percent of the passage width. The similar ity of the 
profiles at tha three tangential stations was directly 
Influencad by tha end-wall bleed flows which wure 
established by experimental Iterative procedures. 

Tha spanwls' ariatlon In Inlet flow angle at the 
canter of the cascade was measured with a self-nulling 
flow angle probe. The variation In angle waa within 1 
deg between the end walls and within 1 deg of the 
design Inlet setting angle, Bfg, as shown In Fig. 9. 

Waka surveys were obtalnad with a traversing proba 
of the type shown In Fig. 6. The plane of the surveys 
was 0.33 chordlengths downstream of the trailing edge 
of tha cascade. The measured pressures froa thla proba 
ware converted to true values based on calibration data 
obtalnad In a free jet. The exit flow angle, S 2 , was 


Steady state Schllu.:? Imageu of tha design flow 
are shown In Fig. 13. The photograpns clUfiXly reveal 
the lambda-shock at the leading edge of tha alrfoila 
and a high degree of periodicity In the cascade. The 
position of the shock la also consistent with the Cp- 
dlstrlbutlon shown in Fig. 12c, l.e.. It Is located 
about 12 percent of the chordlength froa the leading 
edge. The two photographs In Fig. 13 were obtained at 
the same flow conditions; however, the Image In 
Fig. 13a was Intent toi.ally de-focused to provide 
higher contrast. The photograph In Fig. 13b was taken 
with a blcolor filter which replaced the knife edge In 
the Schlleren system. 

Testa with Oscillating Airfoils 

The airfoils were oscillated in simple harmonic 
motion to provide information on tha phase bettreen the 
shock and airfoil motion. This SK>tlon can be described 
by the following equatloni 

a ■ Op - TI coe ut (5) 

where the amplitude, T, tms 1.2 deg and the mean angle 
of attack, o^, was 7.0 deg. High speed motion pictures 
of the Schlleren Images at noalnul frequencies of 160 
to 550 Rx. These frequencies yielded reduced frequen- 
cies ranging from 0.15 to 0.51 where the reduced fre- 
quency Is 


Q 



( 6 ) 


The results were obtained for Interblade phrse angles 
of 0, 90, and -90 deg. Positive Interblade phase angle 
la defined such that airfoil N leads airfoil ** -f 1, 
etc. (refer to Fig. 6). Positive interblade phase 
angles wnild correspond to s wave moving in the direc- 
tion of rotation in a rotor. 


A typical airfoil llsplaceaent signal and the cor- 
responding power spectrum are presented In Fig. lA. 

This signal was obtained from the optical dlsplacasMnt 
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Mt«r whllt driving the airfollB at a fraquancy of 560 
Ha. Tha powar apactrua of the dlaplariBaet algnal, 

Fig. 16(b), Indlcataa aacond and third haraonlca with 
peak aaplltudaa at laaat 20 dB loMr than tha fundaaan- 
tal. A Maaure of the quality of the hanaonlc aotlon 
can be obtained from tha poiMr apactrua and exprwaaad 
In taraa of a haraonlc dlatortlon paraaeter aa defined 
In (7). Analyala of tha apectna ehown In Flq. 16(b) 
Indlutad that tha hamonlc dlatortlon uaa aU/Ut 2 per- 
cent through tha aacond haraonlc which la cona latent 
with tha raaulta froa tha laolatad airfoil exparlaant 
(7). If tha third haraonlc la conaldarad, tha dlator- 
tlbn la about 7 percent. 

The ahock phaae lag %iaa dateralnad by analyalng 
tha high apaad aotlon plcturaa of tha laagaa aa they 
ware reproduced by a photo-optical analyacr. Aa tha 
airfoil paaaad through tha aaxlaua angle of attack, tha 
laabda-ahock continued to nova downatreaa thua reaching 
Ita aaxlnua poaltlon aa the airfoil pitched downward. 

By obaarvlng aevaral fraaaa correaponding to thla naxl- 
auB poaltlon and correlating theae Iramet with tha 
angle of attack, a phaae angle wee deteminad. Thla 
phaae angle, ie, can he obtained froa t'le difference 
between tha time it takaa the ahock to reach ita aaxl- 
auB poaltlon and the tine the airfoil raachaa the naxi- 
!BiB angle of attack, or 

6, - 2wf At (7) 

where 

The valuea of 6, deteralned In thla manner do not nec- 
essarily represent the phase shift assoclatud with the 
maxlauB shock strength. It was noted in (5) that the 
Tiaxlss.^ shock strength Is not reached at tFe Baxlaua 
il.twnstreaB position of the shock, but at some time 
later during Its urstreaB motion. Therefore, the val- 
ues of obtained In this visual study of the flow 
could be lower than the phase lag based on maxlnuB 
shock strength. 

The resulting valuea of 0, are plotted as a func- 
tion of the reduced frequency, Q, In Fig. 15. All 
valuea of 6, were less titan 80 dag; however, an 
appreciable amount of scatter la evident. The bars on 
each symbol represent the range of uncertainty In the 
maximum ahock location resulting from tha uncertainty 
In the Instantaneous angle of attack of the airfoil. 

The straight -line least equares fit of the data pre- 
sented In Fig. If Indicates that the ahock phase lag 
was greatest at the positive Interblade phase angle test 
condition. The analysis presented In Appendix A Indi- 
cates that the unsteady aerodynamic work per cycle la 
proportional to sin 6, (eq. (A17)); therefore, one alght 
expect a greater contribution from the oscillating shock 
wave to the unsteady aerodynamic work for this case lr< 
which f. Is greatest. The analysis also suggests that 
for all of the observed values of 6,, tha oscillating 
shock would contribute to stability rather than insta- 
bility In the cascade. 

Sequences from the motion pictures arc shown In 
Fig. 16 for the three values of Interblade phase angle 
and a nominal frequency of 550 Hs. By observing the 
progression of the shock with Increasing time the sign 
of the Interblada aotlon can readily be confirmed. 
Analysis of these Images revealed a shock displacement 
of about 10 percent of the airfoil chord. 


In ordar to axaailue the oscUlatlng shock wave In 
more detail, another typm of flow visualisation experi- 
ment was performed in a pilot facility at the same fre- 
quency and velocity. In this experiment, rapld-doubla- 
pulae holography was used to observe tha shock In three 
dlmanalons and thus dtitermlna the degree of apanwlse 
laformatlon of tha shock plane as the airfoils were 
oaclllated, A highly twlatad or three-dlmanslonal shock 
could possibly explain soma of the randoaness in uha 
observed shock phase lag results (Fig. 15) which were 
based on an analysis of Sc hilar en-type Images. As the 
airfoils %Mre oaclllated a hologram was recordeii and, 
after a preaalactcd delay time, a racond hologram was 
recorded on the same plate. In tha reconstructed double 
Image, Intarfarencc fringes are formed because of the 
slight difference In tha refractive Index fields be- 
tween the two exposures. Pulse delay times of 10 to 20 
mlcro-seconda yielded the best imagas. The laser was 
randomly pulsed and up to 50 holograms were recorded. 

A photograph of a typical reconstructed Image la 
shown In Fig. 17. The suction surface shock wave la 
clearly evident. The degree of two-d IsMnalonallty ap- 
pears to be good even though the end-wall boundary 
layers were relatively thick in this pilot facility. 

In some of the holograms, there appeared to be a span- 
wlae variation In the fringe patter.'*. Since the forma- 
tion and localisation of chat pattern depends upon the 
shock slope, curvature, and positional variation In 
shock strength, as well as the time variation of these 
quantities (11) . there la oome evidence for a spanwlse 
variation In the space and time dependent properties of 
the shock wave. Although this observed variation In 
the fringe pattern la not yet fully understood, the re- 
sults tend to aupport future work Involving holographic 
observations of the flow In the present caacade. 

CONCLUSIONS 

The results of this Investigation Indicated that 
reasonably good steady-state periodicity could bo ob- 
tained In a flutter cascade operating at near transonic 
velocities. Furthermore, Che airfoils could be oacll- 
lated In this high speed environment Co achieve fre- 
quencies believed to be consistent with the frequencies 
associated with transonic stall flutter In turbomachln- 
ery. Flow visualisation methods, Including Schllaren 
(or shadowgraph) and rapld-^ouble-pulse holography, re- 
vealed some of the dynamic features of the lambda shock 
as the airfoils were oaclllated In harmonic pitching 
BK>tlon. The shock phase lag based on an analysis of 
high speed motion pictures of Schllaren Images was 
generally less than 80 deg. A linear fit of the re- 
sults Indicated that the greatest shock phase lag 
occurred at the positive Interblade phase angle. An 
analysis of the effects of the oscillating shock on 
airfoil stability Indicated that for all of tha ob- 
served values of #•, Che oscillating shock would con- 
tribute to stability In the cascade. Future experl- 
Mnts Involving holographic flow visual last ion and 
dynamic surface pressure measurwents will be performed 
In order to better quantify the dynamic flow field. 
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APPENDIX A 

DISCUSSION OF THE CONTRIBUTION OF THE OSCILLATING 
SHOCE TO AIRFOIL STABILITY 

Tha unataady aarodynanic work per cycle of oacll- 
latory pitching notion can be axpraaaad aa 


j tfeuf • «e do - J 


St 


(* (ut) 


d(wt) 


(Al) 


where and <fe 


da 


reprcaant the real parta of 


d(ut) 

Che nonent and change In pitch angle, rcapactlvaly. 

The Bionent In (Al) la obtained by Integrating the prod- 
uct of Che tlna-depondent preanurea and correapondlng 
ent am over the aurfacc of the airfoil, l.e.. 
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d* (A2) 


where tha aubacrlpta 1 and a danote tha lower and upper 
aurfacea of the alrfolx, reapactlvaly . Now conaldor an 
oaclllatlng airfoil with a nomal ahock on the upper 
(auction) aurface aa ahown In the following akatch: 


Shock 

iji 






Pitching axle 


Tha contribution of tha oaclllatlng ahock to tha un- 
ataady aarodynanic work for tha caaa ahown will depand 
on the forcaa on tha upper aurfaca where tha ahock la 
located. Therefore, (A2) can ba alnpllflad to give 

/.C 

urct) ■ - y ?u(*.t)(| - *)«»« (A3) 

Introducing the ahock poaltlon coordlnataa, x^ and x~ 
aa ahown In the akatch, tha nonont can ba rawrltton aa 

-#(.) . - /• -.(I - .)*. - 


where ^ ***^ 


■ 3T + x" 


(AA) 


(A5) 


Tha valuaa of x and X rapraaant tha naan and unataady 
perturbation conponanta of aooch poaltlon, reapactlvaly. 
Equation (AA) can ba expanded to give 
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Tha Donent aaaoclatad with tha ahock notion la alnply 

■ - JL, ’‘-(I -*)'*** J_ ^(f - *)“* 


Let 
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Expanding the right aide of (A8) In a Taylor'a aarlaa 
cantered at x,, we obtain 
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Conaaquontly, 
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Opoo lnt«|r*clnt (AlO) and nas^Ktlng hlshar ordar 
tcxst la Xg, thx shock laducod aoMat can ba axpraaaad 

aa 

uf,(t) - - tvxS>f+ ♦ (All) 


If «a aaauM “ x~ and x^ ■ Xg ■ Xg tha axpraaalon 
for Cba aoaant la 


•^a<0 - - [»J '(f - *a) - * *a)]i 

(All) 


Aaaualng alaq>la harmonic notion, tha pltcllng argla and 
fluctuating ohock poaltion bacoma 

a - a a**“ (A13) 


and 


X ■ As a 


l(at-*g) 


(AlA) 


Introducing T> whara T ■ at la (Al), tha coBtrlbutlon 
to tha aarodpnaalc work from tha oaclllatlng ahock la 


Caaa IV - Shock dounatraaa of tha aldchord and loading 
tha airfoil motion by 0 to 180 dagi 

Wg la nagatlva (contrlbutaa to airfoil atabUlty) 

Saaad on tha abova coualdaratlona. tha maaaurad 
ohock phaaa lag of 0 < fg < 80 dag obtalnad In thla 
otudy Impllaa chat tha oocUlatlng ohock on tha alr- 
foUo contributor favorably to tha atabUlty of tha 

caacada. 


-iw 

a- y #r..Jg(t) • 
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or 




dT 


(a 6) 


Intagvatlon of tha right alda of (a6) glvaa tha fol- 
lowing axpraaalon for tha unataady aarodynaalc work duo 
to ahock motion: 


W 


a 




(M7) 


Tha phara angla la tha angla In which tha ahock wavo 
laga tha notion of tha airfoil. Tha praaauro dlffar- 
anca acroaa tha ahock alwayo haa a nrgatlva valua 
wharaaa tha ahock dlaplacaaMnt and pitching angla nag- 
nltudaa ara alwaya poaiclva. Tharaiora, by conaXdarlng 
tha algn of tha tarm Involving tha na^.i poaltion of tha 

ahock and Ita phaaa lag dg, tha following con- 

clualona can bo nada for airfolla plccl.lng about tha 
aldchord poaltion. 

Cano I - Shock upatraaa of aldchord and lagging tha air- 
foil not lor by 0 CO 180 dagi 

Wg la nagatlva (contrlbutaa to airfoil atabUlty) 

Caaa II - Shock upairnaa of aldchord and loading tha 
airfoil notion by 0 to 180 dagi 

W^ la poaltlva ('ontrlbutaa to airfoil Inatablllty) 

Caaa III - Shock downatraaa of tha aldchord and lagging 
tha airfoil notion by 0 to ISO dagi 


W^ la poaltlva (contrlbutaa to airfoil Inatablllty) 


7 



OIFTUSER 


AIR MUTT ^ 
(ATMOSPHERE) 


ADJUSTABLE MI^T WITH 
TRANSPARENT SIDEWALLS 


^90SCIiATMCAIRR)llS 
(7. 7 cm CHORD -9. 6 cm SPAN I 


BOUNIOARY LAYER BLEED 
jprPtCAL SIDE & END WALwB) 

100 H. P. VARIABLE SPEED 
DRIVE SYSTEM 


FLOW CONTROL VALVES ^ 

ALTmUOE EXHAUST - 
Figure L - Transonic oscillaling cascade. 


Min FLOW 








-T . * w - A 



■ WALL STATIC 
PRESSURES 

{ 

I 




TYPICAL BLEED t 
FLOW PASSACXS* 




. T'V^ TEST SECTION 

'A)^ MIRRORS 

A 

' 1 1 : 

V* 

1 

TAILBOARDS 


y 


Figure 2. • Test section. 


UAf^P. 



27.4 RADIUS 


a 635 RADIUS 


77. 4 RADIUS 


FIgurt I - BIconm alrloil uil dlmaniloni In cantimttirsl. 


FOLLOVIfER ARM 




Ftaurt 4. - Airloll driM iMchmltm. 


oKiGlNAL PAGE IE 
OF POOR QUALITY 









0 2 4 6 a 10 12 14 16 IS 20 22 

mSSURt TAP NUMKR 

fel OoMnstram. 

FIgurt 7. • End Mil sMk prmurt cHtIrlfeutigr t 



Id PoiiOon C tfig. IL 

Figur* a • InM and Mil boundM> ttyws It thrw Ivigtn- 



n^urt It - SpifwtM wriitlon ol InM Hm tr.jh it untr 
otauidt. 



U9t\. 



Ftgurt IL • 'lit «lil prmurt dlilrltution Krois on« piiugc 




KRCCNT CHORD 


Ml MiCh a 86. 


Flguri 12. - SlMdy-stiti stttic pressure 
distributions on center airfoil. 



ORIGDJAL PAGE IS 
OF P(X)R QUALITY 





LEAST SQUARES FIT 



FIgurt IS. - Shock phis* lag basal on an analysis of high-spoad 
motion picturas • Q Kl 



0 * dp • 7 (t«N 
PH CUING DOWN 


o*-Wd«q O'Odtg o*Wd*g 

Flqurt 16. • Film Mqutnccs of oulllotmq airfoils at vartous intarMadc pTiasa anglas M • a 8^ $50 Hi. 


OiiIGIN.\L PAGh’ 
OF Poor guALii 






• • • »' 




Figure 17. - Holographic frinr* .’vttcrn o' one state oi a jhoce wave during oscillation at MO Hz. 


OliiGINAJ. .»"AGE Ib 
OF PCKJR QUA! ITY 




